A b s t r a c t Objective: The aim of this study was to construct automatically a knowledge base concerning the pharmacodynamic properties of antibiotics and a visualization tool.
Bacterial resistance to antibiotics is becoming a major problem in health care. Misuse of antibiotics by the physician in terms of molecule choice [1] [2] [3] [4] [5] is a frequently cited reason for the increase in the resistance of microorganisms. [6] [7] [8] To know which types of antibiotics are appropriate to treat the infection of a given patient, the results of antibiograms should be considered. However, there are various and frequent situations in which the physician must select the treatment without antibiogram data.
In hospitals, antibiograms are easily available, but there is an uncompressible 48-hour delay before identifying the pathogens and their resistance to antibiotics. Therefore, the physician starts the treatment without antibiogram results and may then modify treatment subsequently in the light of antibiogram data.
The situation is different in primary care settings. When the physician suspects an infection, he or she can ask for antibiogram as in hospitals; however, treatment is very frequently empirical (e.g., in the case of otitis or bronchitis). The physician tries to guess the types of agent responsible and chooses the antibiotics active against these germs. In both cases, the physician needs to take into account the prevalence of the resistance of bacteria to particular antibiotics. The activity spectrum of antibiotics is therefore one of the elements of therapeutic choice. 9 It gives information about susceptibility or natural resistance of bacteria to particular antibiotics and their acquired resistance prevalence. The prevalence of acquired resistance changes through time and space and also according to patient characteristics (age, disease, style of life). Misinformation and unknown changes about resistance prevalence can lead to the selection of inappropriate antibiotics. [10] [11] [12] In some hospitals, computerized decision support systems have been developed to help physicians choose empirical antibiotic therapy. [13] [14] [15] [16] [17] [18] Such systems are not available everywhere; in primary care settings, physicians are unlikely to have ready access to computerized tools that could assist them in selecting the most appropriate antibiotic. Physicians should have access to the prevalence of resistance to specific antibiotics. 19 However, although they can consult Web sites devoted to reporting bacterial resistance, 20 this information, presented in free text, is not available for all antibiotics. Large observatories for the surveillance of antibiotics resistance are planned at the national and international levels [21] [22] [23] ; they give structured information on bacterial resistance, but for only a few bacteria and a few antibiotics.
A main source of information about these activity spectra is the pharmacodynamics section of the Summary of Product Characteristics (SPC) of antibiotics. In this SPC section, the activity spectrum is described, and the national prevalence is given and reevaluated every five years. 24 These SPCs are available to physicians either in drug dictionaries or in electronic compendia. 25, 26 However, the consultation of these documents remains very time-consuming, mainly because this information is purely textual. For example, it would take a long time to generate a list of all the antibiotics active against Streptococcus pneumoniae or to compare bacterial spectra of various antibiotics.
The characteristics of the pharmacodynamics section of SPCs include a standardized structure and a controlled terminology checked by drug agencies such as the Food and Drug Administration (FDA) and the European Agency for the Evaluation of Medicinal Products (EMEA). 27 ,28 Therefore, it should be possible to extract this information automatically, to structure and code it, and to store it in a knowledge base. Appropriate presentation of such data would enable the physician to compare at a glance the resistance profiles of one or many bacteria for various antibiotics.
Here, we describe a tool providing visual information about antibiotic activity spectra, which should be useful to physicians prescribing antimicrobial therapy without antibiogram results.
We start by presenting our analysis of the drug regulatory authorities' expectations with respect to the content of the pharmacodynamic section of antibiotics SPCs. This analysis is used to establish a conceptual model of all the pharmacodynamic information contained in the antibiotics SPC. We then present the method for the automatic extraction of knowledge and its evaluation criteria. Finally, we show how the content of the knowledge base can be presented visually to the user by means of a computerized tool. This required the creation of an ontology for bacteria to solve the problem of variability in the names used. We finally discuss the strengths and weaknesses of our approach.
Materials and Methods

Building the Conceptual Model of Pharmacodynamic Information Contained in Antibiotics SPCs
To build the conceptual model of pharmacodynamic information contained in SPCs, we first studied European drug regulatory authorities' expectations with respect to the format and the content of the pharmacodynamic information in the SPC section for antibiotics. 28 These expectations are described explicitly in four chapters, the titles of which are General Properties, Breakpoints, Susceptibility, and Other Information. For each chapter, a definition explains what information is expected (e.g., ''General properties of the drug should be stated in this section, e.g., classification and mode of action'') and how it must be drawn up (e.g., ''microorganisms should be listed alphabetically in the following order: aerobic grampositive microorganisms, aerobic gram-negative microorganisms, anaerobic microorganisms, and ''other'' microorganisms''). We considered that these expectations could be used as a ''gold standard'' to describe the antibiotics' pharmacodynamic properties in SPCs. All the types of information contained in the gold standard were identified to specify an initial set of concepts that should be present in the model built to represent the pharmacodynamic information contained in antibiotics SCP section. For each antibiotic, the pharmacodynamic section must be written according to these recommendations; therefore, all of the types of information found in the gold standard are likely to be found in SPC texts.
Second, we studied American drug regulatory authorities' expectations with respect to the format and the content of the pharmacodynamic information in the SPC section for antibiotics. 27 This was done to enrich the initial set of concepts with new types of information not present in European recommendations and to make the conceptual model of pharmacodynamics more general.
Third, we studied the way the identified concepts were incorporated in SPCs. This was done to verify the effective use of concepts found in gold standards and to identify relationships between these concepts.
All the concepts identified in the European and American recommendations and SPCs to develop a conceptual model of pharmacodynamic information as found in the SPCs of antibiotics were finally organized according to classes, attributes, generalization, composition, or association relationships into an object-oriented model representation using Unified Modeling Language (UML) formalism. 29 This was done by the author the most directly involved in previous modeling work, [30] [31] [32] 33 ; therefore, we extracted a total of 103 SPCs from the Vidal drug database (Vidal, Issy Les Moulineaux, France). This database provides in an electronic format the SPC of each drug available in France. Figure 1 shows an example of SPC text.
Extraction Algorithm
When reading SPC, we identified some characteristic key words or phrases or punctuation elements that delimited information sections. Thus, susceptible species were always listed in the part of text between the elements delimiting the start of the section (''susceptible species'' or ''usually susceptible species'') and those delimiting the end of the section (''moderately susceptible species,'' ''inconstantly susceptible species,'' ''resistant species,'' or ''usually resistant species'').
Once the characteristic tags were marked, a sequential extraction algorithm was developed. This algorithm was designed to extract information concerning the antibacterial spectrum, which is the most structured section. A heading was extracted (e.g., the ''susceptible species'' heading) and divided into a number of subheadings (e.g., ''gram-positive aerobes,'' ''gram-negative aerobes,'' ''anaerobes,'' ''others''). All the bacteria under a given heading were then extracted, together with their prevalences of resistance and clinical efficiencies. The extracted data were stored in a relational database, the structure of which corresponded to the pharmacodynamic conceptual model previously developed.
Extraction Quality Evaluation
We assessed the performance of the extraction algorithm by comparing automatically extracted spectra with the spectra initially reported in the 103 studied SPCs.
A spectrum extracted from an SPC consists of the information about the pathogen (name, mode of respiration, Gram staining) and that about the effect of the antibiotics against this pathogen (susceptibility, prevalence of resistance).
Let A be the number of spectra automatically extracted using the extraction algorithm, and B the number of spectra that were manually extracted by the microbiologist author reading the SPCs. Let C be the number of spectra automatically extracted that were considered to match exactly with the spectra manually extracted, and D the number of spectra automatically extracted that did not match exactly with the spectra manually extracted.
We calculated four indicators:
Building an Application to Visualize Antimicrobial Spectrum of Antibiotics
The application developed was designed to compare antibiotic activity against that of one or many selected pathogens. The program uses Hypertext PreProcessor (PHP) scripts to treat extracted data from SPC and store the data in a relational database. The following PHP script shows how the parameter ''selected bacteria'' is passed to a query that returns a list of antibiotics associated with susceptibility:
$query = « SELECT * FROM Extraction WHERE Extraction. Bacteria = $selectedbacteria; »;
The result is displayed in Hypertext Markup Language (HTML) tables, which are created dynamically.
When selecting the pathogen (as manually extracted from SPCs), some difficulties appeared: pathogens could be defined by species (e.g., Escherichia coli), genus (e.g., Acinetobacter), group of bacteria (e.g., coagulase-negative staphylococci, gram-negative cocci), or group of pathogens after the exclusion of various bacteria (e.g., gram-negative aerobic bacilli other than Aeromonas hydrophila).
To correctly answer to the query ''which antimicrobial agents are active against E. coli?,'' the software, thus, must look for all the possible names and ways of describing this pathogen in the SPCs (E. coli, Escherichia coli, enterobacteria, gramnegative aerobic bacillus, aerobic bacteria). The program, thus, needs to know that ''E. coli'' is equivalent to ''Escherichia coli'' and that ''E. coli'' is an ''aerobe,'' for example.
The input of the system (selected bacteria) should then be associated with an inference system able to explore synonymy and hierarchical relationships between bacterial names extracted from the SPCs to identify all the pathogen names associated with that selected. Thus, if Escherichia coli is initially selected, the inference system will propose as an input of the query ''Escherichia coli or E. coli or enterobacteria Terminology used to describe pathogens found in SPCs should, therefore, be organized on the basis of synonymy or hierarchical relationships.
To classify the pathogens manually extracted from SPC, the following principles were used:
The classification must be based on morphologic and respiratory characteristics All the pathogen names found in SPCs must be described in the classification
We, therefore, analyzed the various electronic microbiological nomenclatures available: the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ bacterial nomenclature) 34 and the List of Bacterial Names with Standing in Nomenclature. 35 We also analyzed the terminological resources Galen, 36 Unified Medical Language System (UMLS), 37 and Medical Subjects Headings (MeSH).
38
None of these classifications fully met our needs. We, therefore, had to build a hierarchical classification of pathogens strictly limited to the bacteria named in the SPCs. This work was done by the microbiologist author adhering to the rules of bacterial taxonomy. 39 
Results
Concepts Identified from European and American Recommendations and SPCs
The concepts identified in the European (EMEA) and American (FDA) recommendations and in SPCs are shown in Table 1 . The European and American recommendations are quite similar. The EMEA is more focused on reporting the prevalence of resistance, whereas the FDA has more specific recommendations about the methods used to measure breakpoints. The concepts found in SPCs are those found in European recommendations. Some discrepancies appear in the identification of the bacterial species according to their respiration and Gram straining: for one antibiotic the nonrecommended concepts of ''gram-negative bacteria'' and ''gram-positive bacteria'' are used, and for nine antibiotics, some bacteria are displayed without type of respiration or Gram-staining characteristics. The reading of the SPC gives a more specific idea of what is expected in the section dealing with resistance.
Conceptual Model of Pharmacodynamic Information Contained in SPCs
The conceptual model of antibiotic pharmacodynamics was directly deduced from the conceptual analysis described in the previous paragraph according to UML formalism. In this formalism:
generalization relations are shown by a solid lined path from the child to the parent with a large hollow triangle at the end of the path where it meets the more general element composition relations are shown by a solid filled diamond as an association end adornment associations are shown as lines
In Figure 2 , the classes of the model of antibiotic pharmacodynamics are represented.
The entity antibiotic is defined by its international nonproprietary name (e.g., ceftriaxone), its code in the Anatomical Therapeutical Classification (ATC; e.g., J01), its route (e.g., per os, systemic, intravenous), and its mode of action (e.g., inhibiting protein synthesis). The pharmacodynamic properties of this antibiotic determine its action against a set of pathogenic bacteria.
The entity organism is described in terms of name (e.g., Streptococcus pneumoniae, E. coli, enterobacteria), Gram staining (e.g., gram-positive, gram-negative), mode of respiration (e.g., aerobic, anaerobic), and resistance profile (e.g., resistant to methicillin).
The activity of the antimicrobial agent against the pathogen can be measured by means of in vitro susceptibility tests.
The entity susceptibility test is defined by minimal inhibitory concentrations (MICs), inhibition diameters (IDs), a susceptibility The entity resistance prevalence is defined in terms of minimal and maximal values, which vary according to geographic situation (e.g., France), origin of the strain (e.g., nosocomial or community strain), physiological condition of the host (e.g., pregnancy), pathological condition of the host (e.g., immunodeficiency), host lifestyle (e.g., schoolchild), and time.
The entity resistance development is defined by a type of resistance (e.g., chromosomal or plasmid-borne), together with a level (e.g., low or high), a frequency of mutation, and the conditions required for the development of resistance. These data may lead to issuance of advice about the use of the antimicrobial drug (e.g., alone or in association with cases of severe infection).
The entity cross-resistance is defined by its existence and the list of antibiotics for which cross-resistance exists. An example of instantiation of the model is shown in Figure 3 .
Automatic Extraction
Manual analysis of the 103 SPC identified 2,914 spectra. The automatic extraction process yielded 2,966 spectra: 2,852 spectra were correctly extracted, and 114 spectra were not accurately extracted. Recall was 97.9%, silence was 2.1%, accuracy was 96.2%, and noise was 3.8%.
Incorrect extraction can be due to several causes, including limitations of the extraction algorithm and poor quality of the text. The following errors due to the algorithm were identified:
a string between parentheses was considered to be prevalence information, whereas in some cases it was details concerning the pathogen (e.g., Staphylococcus aureus [methicillin-resistant]) decomposition failure, for example, the group of words ''streptococcus susceptible or resistant to penicillin G'' was considered as a single pathogen, whereas the expert considered two pathogens: ''streptococcus susceptible to penicillin G'' and ''streptococcus resistant to penicillin G''
Examples of extraction errors due to the quality of the text included:
misinterpretation of abbreviations, for example, a pathogen listed as C. freundii was decomposed into two pathogens ''C'' and ''freundii'' instead of ''Citrobacter freundii'' inability to deal with inaccurate punctuation in the text, for example, ''Actinobacillus; actinomycetemcomitans'' was found instead of ''Actinobacillus actinomycetemcomitans'' some resistance chapters were not preceded by a specific heading and were computed as antibacterial spectrum information
Computerized Tool for Spectrum Visualization Bacteria Classification Systems
The existing electronic DSMZ bacterial nomenclature and List of Bacterial Names with Standing in Nomenclature are nomenclatures and not classifications. They cover all microorganisms, regardless of whether they are pathogenic and organize them according to family, genus, and species, but no information about the mode of respiration or Gram staining of the bacteria is available.
In the UMLS metathesaurus, concepts indicating pathogens are all of the semantic type ''bacterium.'' Moreover, all of these concepts are on the same level (e.g., ''cocci'' is not a parent of ''streptococcus''). In MeSH, bacteria are organized hierarchically, according to morphology and Gram staining, but the mode of respiration is not considered. In Galen, bacteria are organized hierarchically according to morphology (bacilli, cocci) and species. Their properties in terms of respiration profile and Gram staining are also described, but not all the pathogens listed in SPCs are included (e.g., methicillin-resistant staphylococcus).
The manual extraction of spectra identified 279 terms naming pathogens. Eighty-seven synonyms were identified, and the remaining 192 terms could be classified. Four new pathogen terms were introduced to ensure the coherence of the classification: ''gram-negative anaerobic bacilli,'' ''grampositive anaerobic bacilli,'' '' gram-negative anaerobic cocci,'' and ''non fermentative gram-negative aerobic coccobacilli.''
Spectrum Visualization
The system displays an HTML table (Fig. 4) with the selected bacteria in the columns and the types of antibiotic, grouped according to chemical class (e.g., ceftriaxone IV, which is a third-generation cephalosporin, a type of betalactam) in the rows.
In each cell, the susceptibility of the bacterium is given, taking into account the minimal and maximal values for the prevalence of resistance. To make it easier to read the susceptibility data, color coding or gray scaling (green or pale gray: susceptible; orange or gray: intermediate; red or dark gray: resistant) has been used. The corresponding cell in the table is divided into ''susceptible,'' ''intermediate,'' and ''resistant'' zones, the areas of which are proportional to prevalence.
A request based on ''Escherichia coli'' was made to illustrate the value of the inference system based on our classification of pathogens. Sixty-three antibiotics were returned when the request was limited to the selected bacterial name, and 84 antibiotics were returned when the request was enhanced to all terminological variants of the selected bacterial name.
Discussion and Conclusion
We aimed to develop a tool to improve the access to existing official information about the susceptibility of bacteria to various antibiotics so as to help practitioners prescribe when they do not have antibiogram data available. This official information can be found in the pharmacodynamic section of SPCs.
The SPC is a validated document describing the properties of a given drug and is widely available electronically from many drug databases. SPCs have already been successfully used to develop models of information concerning indications 30 and pharmacokinetics. 31 The methods used to model information can be based on a bottom-up approach, lexical units describing the domain being used to identify concepts. 32, 40, 41 The method can also be based on a top-down method. 41 This is the approach we used to develop the model representing the information contained in the pharmacodynamic section of SPCs. The pharmacodynamic section has the unusual characteristic of having both structure and terminology standardized. This is because the section is written according to recommendations of drug regulatory agencies; these recommendations give a precise definition of the different chapters the section must contain and the way information must be displayed. These recommendations are considered to be the gold standard for SPCs. All the concepts identified in the gold standard are inevitably present in SPCs. The inverse, however, is not true: not all of the concepts found in SPCs are found in the gold standard. These discrepancies are due to nonrespect of recommendations (e.g., using new terms to classify pathogens) but also to a lack of precision in the expected content of some chapters (e.g., the resistance chapter does not deal with frequency of mutation).
The model that we propose is not new but has not previously been formalized. The same concepts are found in computerized empiric therapy advisors [14] [15] [16] 18, 42, 43 and susceptibility reporting systems [44] [45] [46] indicating the coherence of the model.
The completeness of the model was not evaluated. Concepts outside of the gold standard may be poorly defined because we did not explore those parts of SPC texts dealing with these concepts at lexical and semantic levels. We integrated a temporal qualifier to fix the date of the reporting of prevalence of resistance of a bacterium because this information can change with time, and it may be interesting to keep track of this evolution. We also integrated a class concept called the ''prevalence condition'' to allow inclusion of data coming from other sources (such as laboratory results).
The model is limited to the description of an antibioticbacterium pair. In practice, the practitioner knows a disease but not necessarily all the bacteria that can be responsible for the disease. 12 We will have to integrate a link between a given disease and all the possibly causative bacteria.
Standardization of the writing of the pharmacodynamics section of antibiotics SPCs allows the automatic extraction of information to be fed into a knowledge base. The extraction was limited to activity spectra of antibiotics, because it was the most structured and interesting information for the development of our application. As the level of syntactic variability in these parts of texts is low, extraction rules based on syntactic criteria could be established. The extraction method does not apply to other chapters of the pharmacodynamic section (such as the resistance chapter) because they are expressed in natural language. An extraction method coupled to natural language processing techniques may allow automatic handling of these parts of texts.
The efficiency of the extraction algorithm was validated on the basis of classical criteria according to Friedman and Hripcsak 47 : the model was frozen before the extraction, the reference standard was established by the microbiologist on the basis of an exhaustive set of SPCs, and the microbiologist was not directly involved in the development of the system. We did not distinguish a test set and an evaluation set among the SPC texts because there were too few. The reference standard was made, blindly, by a single expert; thus, we cannot display variability in standard reference.
The extraction of antimicrobial spectrum was evaluated for correctness. According to our criteria, the extraction method was satisfactory but not perfect. Correctness might be improved with the modification of the extraction algorithm (such as new treatment of strings between parentheses), but other factors cannot be modified, such as the quality of source text writing. This insufficient quality of the text source (SPCs) has been noted elsewhere. 31 These imperfect results imply that an extracted data correction step must be included in the system. The use of pharmacodynamic knowledge bases in computerized systems for comparing antibiotics raises the problem of heterogeneity in the terminology used to describe bacteria. Variability in terminology is also observed in the decision support systems used for antibiotic therapy 16 and in systems of susceptibility reporting. 45 The ICONS system 42 uses a hierarchical classification built locally by the microbiology laboratory. We constructed a hierarchy of the terms used to refer to bacteria in SPCs. This makes it possible to optimize searches for antibiotics active against a particular bacterium. Inference systems based on terminological models have previously been demonstrated to be of value in searches for information. 48 We will need to adapt our classification in the future in response to inevitable changes in bacterial nomenclature (e.g., Moraxella catarrhalis is now known as Branhamella catarrhalis).
We chose to develop an application for comparing activity spectra of antibiotics against selected bacteria. According to Schneiderman's approach, we believe that this visual representation of the data makes it possible to present a large volume of complex data in a very intuitive, easy-to-understand, and easy-to-learn format. 50 Nevertheless, the application will be further evaluated among a user group. The approach we chose to present information visually is limited to the extract and overview tasks (gain an overview of the entire set of data). 49 Other elements could be added to the tool such as zooming (e.g., when an antibiotic is selected, its dosage can be displayed), filtering (e.g., the selection can be limited to the antibiotics for which bacteria are fully susceptible), and historical considerations (e.g., display the evolution of the prevalence of resistance of a bacteria for one or many antibiotics).
Our activity spectrum visualization tool aims to fill a gap 19 in the provision of prevalence resistance information in primary care settings. The potential impact of this tool on the routine practice of doctors requires further evaluation. Does it modify the doctor's knowledge? Does it improve the quality of antibiotic prescription? We are currently designing an impact study in a primary care setting to answer these questions.
